Context. The Sco OB2 association is the nearest OB association, extending over approximately 2000 square degrees on the sky. Only its brightest and most massive members are already known (from Hipparcos) across its entire size, while studies of its lower-mass population refer only to small portions of its extent. Aims. In this work we exploit the capabilities of Gaia DR2 measurements to search for Sco OB2 members across its entire size and down to the lowest stellar masses. Methods. We use both Gaia astrometric (proper motions and parallaxes) and photometric measurements (integrated photometry and colors) to select association members, using minimal assumptions derived mostly from the Hipparcos studies. Gaia resolves small details in both the kinematics of individual Sco OB2 subgroups and their distribution with distance from the Sun. Results. We find a sample of more than 11 000 high-confidence pre-main sequence members of Sco OB2, plus ∼ 2740 main-sequence candidate members with a larger field-star contamination. Most stars belong to a diffuse population, which outlines clearly the shape of the entire association. Upper Sco is the densest region of Sco OB2. It is characterized by a complex spatial and kinematical structure, with no global pattern of motion. Other dense subclusters are found in Upper Centaurus-Lupus (the richest one coincident with the group near V1062 Sco already found by Röser et al. 2018) , and in Lower Centaurus-Crux. The clustered stars appear to be younger than the diffuse PMS population, suggesting star formation in small groups which rapidly disperse and dilute, reaching space densities lower than field stars while keeping memory of their original kinematics. No large-scale expansion is found, in agreement with previous studies. We also find that the open cluster IC 2602 has a similar dynamics to Sco OB2, and its PMS members are currently evaporating and forming a diffuse (size ∼ 10
Introduction
Sco OB2 is the OB association nearest to the Sun. Its properties were reviewed by Preibisch and Mamajek (2008) , who summarize a very large literature up to that date. Its close distance (of order of 120-160 pc), together with the low spatial density of its probable members, makes a comprehensive study of its total population very difficult. As summarized by Preibisch and Mamajek (2008) , there was a decade-long debate on whether this assembly of B stars (only one O star, ζ Oph, is known to belong to the association) represents one physical entity or not. The very diluted appearance, and the similarity between the proper motion of putative members with the reflex solar motion were arguments against its real existence. The Hipparcos data published by de Zeeuw et al. (1999) provided however evidence in favor of a physical origin of the association, but were limited to its brightest members. As remarked by Preibisch and Mamajek (2008) , most of its members are still undiscovered, if a normal IMF is present. The Sco OB2 association consists of three large sub-associations: Upper Sco-Cen (USC), with still ongoing star formation in the ρ Oph dark clouds; Upper Cen-Lup (UCL) containing the Lupus dark clouds; and Lower Cen-Crux (LCC), which crosses the Galactic plane from N to S, which is thought to be the oldest part of Sco OB2. Tables 1 and 2 are only available in electronic form at the CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.125.5) or via http://cdsweb.u-strasbg.fr/Abstract.html
The huge apparent size of Sco OB2 (approximately 80
• × 30
• ), and its sky position towards the densest regions of the inner Galactic plane, are big obstacles for a large-scale study of its population across the entire stellar mass range. Existing largescale surveys such as PanSTARRS (Chambers et al. 2016) or VPHAS+ (Drew et al. 2014 ) cover only a small fraction of the entire association. In fact, the great majority of the literature on Sco OB2 (too vast to be reviewed here) consists of studies of spatial regions covering only a small fraction of the association size. Even X-ray imaging surveys, such as those by Krautter et al. (1997) on Lupus or Sciortino et al. (1998) on Upper Sco yielded only 136 and 50 members, respectively, over a combined sky region of ∼ 10% of the total Sco OB2 extent. Instead, the Gaia observations (Gaia Collaboration et al. 2016 , 2018a are very well suited for a complete study, fulfilling the requisites of homogeneity over the entire size of the association, sufficient photometric depth to cover the entire mass range, and extremely high astrometric precision to resolve ambiguities with reflex solar motion. Therefore, we devote this work to the study of the entire Sco OB2 association using the Gaia DR2 data. Partial studies of the region have already been presented by Wright and Mamajek (2018) using earlier Gaia DR1 data, limited to the brighter stars in the Upper-Sco region. Using Gaia DR2 data, Manara et al. (2018) have studied a small number of candidate members in the Lupus clouds, of which only five were confirmed as members; instead, Goldman et al. (2018) report on the discovery of more than 1800 members in the Lower Cen-Crux part of Sco OB2 down to substellar masses. This paper is structured as follows: Sect. 2 describes the Gaia data used. Sect. 3 presents our criteria for member selection. Sect. 4 deals with the spatial distribution of the members across the entire association size. Sect. 5 discusses ages of members. Sect. 6 and 7 discuss the three-dimensional structure and velocity fields of Sco OB2. Sect. 8 presents some details on UpperSco, the densest and youngest part of Sco OB2. Finally, Sect. 9 provides a concluding summary of results.
Gaia Observations
With an estimated size of ∼ 2000 sq.deg., and its location in the inner Galactic plane, a blind search among all Gaia DR2 sources would yield an unmanageable source list. Since no existing study of Sco OB2 reports members farther than ∼ 160 pc, we are safe if we restrict our search to Gaia sources with parallax π > 5 mas (nominal distance d < 200 pc). Moreover, the large majority (∼ 90%) of π measurements in Gaia DR2 are of low S/N ratio, and do not allow to locate stars with great precision. Therefore, we also require that π/∆π > 10 (column parallax_over_error from table gaiadr2.gaia_source), that is a relative error on π (and distance) less than 10%, for a good three-dimensional positioning of candidate members. This makes the nominal distance limit of 200 pc compatible with the largest reported Sco OB2 distance of 160 pc at the 4σ level, and ensures that our selection will not lose likely members.
The spatial region used for selection was chosen to be slightly larger than that shown in de Zeeuw et al. (1999) and Preibisch and Mamajek (2008; their (1) and (3). The same color scale is employed: densities above the range in the top-axis colorbar are displayed in white (e.g. the core of the field-star distribution near (-3,0) ).
in order to determine the boundaries of Sco OB2 in the most unbiased way. Therefore, we searched the Gaia DR2 catalog in the three overlapping (RA, Dec) boxes having as boundaries: ([229.6, 257 .1], [−36.3, −11 .0]) (USC), ([203.2, 259.9] , [−61.5, −20 .9]) (UCL), ([144.8, 221 .1], [−70.8, −38 .8]) (LCC). This search, with the above constraints on π > 5 and π/∆π > 10, resulted in 271 316 Gaia DR2 sources.
Besides the above filtering on parameter parallax_over_error, we have experimented with the quality filters number (1) to (3) suggested by Arenou et al. (2018) . Filter (1) is based on the astrometric χ 2 , modulated by the Gaia G magnitude of the object; filter (2) is a photometric quality filter, only useful if using Gaia colors; filter (3) is based on the number of Gaia observations contributing to a given measurement. It turns out however, that applying filters (1) and (3) to the Gaia source list obtained above produces a rather large effect, with only 146 648 of the sources (∼ 54%) passing the selection. We have therefore tried to estimate whether this refinement brings a worth improvement in our Sco OB2 Gaia source sample. Fig. 1 shows the Gaia source density in the proper-motion (PM) plane (µ l , µ b ) in Galactic coordinates, with filters (1) and (3) applied. The figure also shows the Gaia PMs of the probable Sco OB2 (Hipparcos) members from de Zeeuw et al. (1999) , which coincide with a source density enhancement. The bulk of field sources appear rather spread across the whole PM plane, with only a modest enhancement near (µ l , µ b ) = (−5, 0). The red polygon encloses all Hipparcos members and the corresponding Gaia-source density enhancement, and therefore defines our initial member selection region.
By contrast, Fig. 2 shows the Gaia source density in the same PM plane, but without filters (1) and (3) from Arenou et al. (2018) : the difference is striking, especially in the bulk of field stars near (−5, 0) (outside the initial selection polygon), and at the same time detailed structures inside the member-selection re- Damiani et al.: The stellar population of Sco OB2 from Gaia DR2 Fig. 2 ), Gaussiansmoothed. The red arrow is the reddening vector from Kounkel et al. (2018) . The solid black polygon defines our "PMS locus". The upper main sequence is enclosed by the dashed black line. The dotted black line is the Pleiades sequence, while the dashed red line is the sequence of cluster IC 2602, both from Gaia data.
gion are much better defined. Therefore, filtering with criteria (1) and (3) appears to be overdone, especially for the field stars, and we choose not to apply these further restrictions to our initially selected Gaia sample. It is nevertheless reassuring that the fractional rejection caused by these additional filters affects likely members (inside the red polygon) much less than field stars, so that our final results are qualitatively unaffected by either choice. Figure 1 shows also the median error on PM, and the size of the smoothing Gaussian: both are much smaller than the distinct substructures which are evident in the density distribution of candidate members: these latter indicate therefore resolved dynamical structures of the member population, which we will examine in detail in the next sections. The number of initial candidate members (inside the red polygon) is 38828.
Membership to Sco OB2
Here we examine the various indicators for Sco OB2 membership provided by the Gaia data, taking also advantage of the low relative error on parallaxes in the selected sample.
Color-Absolute Magnitude Diagram
A useful diagnostic tool enabled by the accurate Gaia data is the Color-Absolute Magnitude Diagram (CAMD, shown in Fig. 3 ), based on Gaia BP and RP photometric measurements, and Gaia absolute G magnitude M G (see e.g., Gaia Collaboration et al. 2018b) . The error on M G introduced by parallax errors, given our selection on π/∆π, is 0.22 mag at most, and typically much less except for the faintest sources.
The CAMD in Fig. 3 shows only Gaia sources in the initial member sample (red polygon in Fig. 2 ). This diagram shows both a well-defined main sequence (MS), and a clear pre-mainsequence (PMS) band above it, separated by a gap. Also shown for reference are the empirical sequences of the Pleiades and IC 2602 1 clusters, derived by us using Gaia DR2 data. The low-density, diffuse cloud of datapoints below the MS at colors BP − RP > 1 is due to the so-called "BP − RP excess" (e.g., Arenou et al. 2018) , arising from source confusion in dense areas, for which the BP and RP colors are unreliable. In our sample this effect involves a negligible fraction of Gaia sources, even though we did non apply filter (2) from Arenou et al. (2018) , purposely designed to remove those sources. The PMS band comprises all the low-mass members of Sco OB2, while the more massive MS members (BP − RP < 1) cannot be distinguished from the field stars from this CAMD. The red arrow is the reddening vector, as estimated by Kounkel et al. (2018) for low extinction values: the narrow width of the MS at BP − RP < 1 (i.e., where it is not parallel to the reddening vector) shows that extinction is negligible up to the maximum sample distance of 200 pc. Exceptions to this are only likely in the immediate vicinity of dark clouds (ρ Oph, Lupus), which occupy a tiny fraction of the studied sky area. The solid black polygon in Fig. 3 encloses all possible PMS stars up to very young ages, and at the same time is affected by only a minimal contamination from low-mass MS field stars, thanks to the MS narrow width: this polygon defines our "PMS locus" in the CAMD, and contains 11103 sources (strongly dominated by members), reported in Table 1 . The oldest ages covered by this PMS locus correspond approximately to the age of IC 2602 (∼ 45 Myr, e.g., Dobbie et al. 2010) . The upper-MS locus of possible Sco OB2 members falls instead inside the dashed black lines, in the upper left part of the diagram, and contains 2740 sources (both members and field stars), reported in Table 2 .
Proper-motion Diagram
The combination of photometric selection from the CAMD with astrometric selection from the PM plane provides us with a very clean sample of Sco OB2 members, especially for the (numerically dominant) low-mass PMS stars. Fig. 4 shows the density of PMS members in the PM plane, as in Fig. 1 but limitedly to the part of the plane occupied by Sco OB2 members. The density distribution of datapoints in the plane is highly structured. The comparison with median errors and width of the smoothing Gaussian kernel shows that all those structures are real, up to a level of detail even greater than that shown in Fig. 2 . We have therefore attempted to identify distinct kinematical groups from this diagram, as indicated by the numbered regions enclosed by dashed lines in the Figure. The group boundaries in the PM plane were selected subjectively, trying to identify the most significant local peaks in the density distribution. Group 1, although separated from the rest of Sco OB2 in the PM plane, is closer to it that to field stars (see Fig. 2 ), and is therefore included in the selection. Groups 2-3 are very close together, yet they form two distinct peaks and are thus considered separately, as are the narrow peaks in groups 5-7. On the other hand, the weak peaks in groups 8 and 10 are probably statistical density fluctuations and are not considered individually. Groups 8-11 are those with least kinematical coherence, yet they are obviously distinct from field stars as is evident from a comparison with Fig. 2 : in fact, they appear to diffuse away, not towards, the place occupied by field 1 The IC 2602 sequence is computed from all Gaia members selected from a square sky region of 5
• side centered on (RA, Dec) = (160.74167, −64.4), and with constraints π/∆π > 10, −26 < µ l < −17 mas/yr, −2 < µ b < 4 mas/yr, and 6 < π < 7 mas (383 stars).
Article number, page 3 of 18 A&A proofs: manuscript no. Damiani_ScoOB2 stars in the PM plane. Outside of all groups 1-11 indicated in Fig. 4 , a low-density, diffuse halo of sources is barely visible, still within the limits of the initial selection region of Fig. 2 : we assign those sources to a "leftover" group 12 of less-likely members.
Parallax-proper-motion Diagram
The availability of precise parallax measurements enables us to further refine the grouping of likely PMS members. Figs. 5 and 6 show (µ l , π) diagrams, for groups 1-12 individually. Among the "compact" (in PM plane) groups 1-4 and 7, we observe in the (µ l , π) diagrams the presence of a compact core plus a diffuse halo at different parallaxes π: this latter seems unrelated to the bulk of the stars in the respective group, and therefore we choose to move those stars (outside or above the dashed lines in Figs. 5 and 6) to the leftover, diffuse group 12. This was not made for the other compact groups 5-6, since the core population in those cases is itself spread over a significant range of parallaxes. With the "diffuse" (in PM plane) groups 8-11 we instead observe a striking correlation between µ l and π: this is probably a geometrical effect of increased apparent motion for the closer stars. The groups that appear diffuse in the PM plane are also really diffuse in actual space, at least along the line of sight (their sky-projected and three-dimensional distributions will be studied below). Also for groups 8-11, the sources with parallaxes inconsistent with the main trend (outside dashed lines in Fig. 6 , drawn subjectively) are reassigned to group 12. For this latter group, the resultant (µ l , π) diagram is also shown in Fig. 6 , where only a fraction of the stars has PM and parallax vaguely consistent with the rest of Sco OB2 members. This again suggests that Group 12 consists of less-likely members.
Spatial distribution of members
The sky-projected spatial density of PMS stars in groups 1-11 is shown in Figs. 7 and 8 (the latter using a saturated color scale to emphasize low-density regions). The boundaries of USC, UCL, and LCC regions enclose 2862, 4511, and 2729 Gaia PMS stars, respectively. The total sky area of the three regions is 1974 sq.deg., and the corresponding space volume up to the maximum distance surveyed here (200 pc) is 1 653 883 cubic pc. The total number of Gaia sources (after our selection on π and π/∆π only) in the three regions is 162546, clearly dominated by field stars: we will discuss in Sect. 9 the local space density ratio between members and field stars.
The highest density peaks of PMS stars in Fig. 7 (∼ 90 stars/square degree) are found near the ρ Oph dark cloud, and rather surprising also in correspondence to a group of stars near V1062 Sco, recently discovered by Röser et al. (2018) using Gaia DR1 data, which is labeled as UCL-1 in the Figure. The global distribution of the new PMS members follows rather closely that of more massive members from de Zeeuw et al. (1999) , also shown in the Figure. Among the Lupus clouds, we find a noticeable density peak only in Lupus 3. Besides the main density peak in ρ Oph, a complex spatial structure is found all over the Upper Sco region. At the opposite extreme, we find a weaker and smoother density peak of PMS stars corresponding to the ZAMS cluster IC 2602: this is not surprising, since at the cluster age (∼ 45 Myr, e.g., Dobbie et al. 2010 ) the lowest-mass stars are still found in the PMS stage, and were therefore selected using our CAMD (335 stars in group 1). Had we included all IC 2602 MS members, its spatial density peak would have been much higher.
Figure 8 provides many details on the lower-density populations in Sco OB2. In the densest USC region, density exceeds 15 stars/sq.deg. over a contiguous region of approximate size 15
• × 15
• , and exceeds 25 stars/sq.deg. over more than one-third of the same area. There are no recognizable high-density condensations bridging the gap between this dense USC region and density peaks in UCL, like those in the Lupus clouds and the UCL-1 cluster mentioned above. Apart from Lupus 3, other subclusters in Lupus (Lupus 1, 2 and 4) are rather weak from the Gaia data, compared to e.g., the map in Preibisch and Mamajek (2008; their Fig.6) , and definitely weaker than other subclusters in UCL, labeled as UCL-2 to UCL-6 in Fig. 8 . The numbers of stars in each of UCL-2 to UCL-6 are 100, 92, 56, 131, and 141, respectively. The mismatch between the older member map in Preibisch and Mamajek (2008) and the one in Fig. 8 should not be surprising, since the former resulted from observations which were either spatially incomplete, or with highly nonuniform depth, like the X-ray observations in Lupus, while the Gaia data are uniform over the entire region. On the other hand, Gaia is not very sensitive to highly extincted objects, which are instead more efficiently detected using X-ray observations.
Another density peak is found in LCC, labeled as LCC-1 in the figure (containing 114 stars), together with weaker, unlabeled peaks. Besides these density peaks, the entire Sco OB2 association is permeated by a diffuse population of low-mass PMS members with densities of 5-10 stars/sq.deg., running without apparent discontinuity through the entire length of the association (∼ 70
• on the sky). from the group because of inconsistent parallaxes. We also removed from groups 2-3 objects above the (respective) dashed lines, while no change was made to membership to groups 5-6, which appear to span a significantly wide range of parallaxes. The removed objects are not entirely excluded from further consideration, but become part of group 12 (less likely members).
vidual kinematic groups 1-12 from the previous Section. These are shown in Figs. 9 and 10. Group 1 coincides with (PMS members of) IC 2602, but also with an extended halo (∼ 15
• ) around this cluster. There are no diffuse field stars in group 1, anywhere across the entire size of the association: this argues in favor of this halo truly belonging to the IC 2602 cluster, much beyond its known size (1.5
• in radius after Kharchenko et al. 2013) . Although IC 2602 does not belong to Sco OB2, it is spatially and dynamically a close relative, and for this reason we include it in this work, if even marginally. The IC 2602 asymmetric halo seen in Fig. 9 might be populated by cluster members which are gradually lost (evaporated), as is expected for all but the most tightly bound clusters (Lada and Lada 2003) . While doing so, they may keep a "weak" or perturbed memory of their original kinematics, which is also suggested by the significant breadth of the corresponding peak in the PM diagram of Fig. 4 (compared to e.g., that of group 2, much sharper). The Gaia data are therefore providing us with one rather clear detection of evaporation from a ZAMS cluster, which deserves a deeper study in a future work. Within the Gaia data presented here, a couple of other peculiarities of IC 2602 are nevertheless worth mentioning: besides its diffuse halo, even the cluster shape at densities above 10-15 stars/sq.deg. is asymmetric, and elongated along Galactic longitude. Moreover, close inspection of Fig. 5 (panel a) shows the presence of two close but separate density peaks at slightly different parallaxes, whereas for example groups 2-3 show a single peak. It is possible that IC 2602 originated as a double cluster, and is coalescing into a unique object, but again this study would be outside the scope of this work. Figure 9b shows that Group 2 coincides spatially with the core of cluster UCL-1, while group 3 (adjacent to group 2 in the PM plane) comprises both stars from UCL-1 core and a small "satellite" cluster (2 degrees to the East). This small companion cluster was not detected in the discovery paper (Röser et al. 2018) . Apart from this, UCL-1 appears to have a regular and symmetric shape, which reflects the regular shape in the (µ l , π) diagrams of Fig. 5b , c (actually the best-behaved shape among all groups). In addition, group 2 select a diffuse population of PMS stars in the Lupus clouds.
Groups 4-7 are close together in the PM plane of Fig. 4 , and their definition was admittedly rather subjective. Not unexpectedly, they select stars with some common characteristics: Groups 4-7 are dominated by stars in USC, but also include Lupus 3 (in group 6 and 7), the UCL-2 cluster, and a diffuse UCL population (groups 5-6). The spatial distributions of USC stars from groups 4-7, however, are significantly different among themselves, a demonstration that the individual peaks in the PM plane do indeed correspond to different kinematic populations. Since USC is the most complex and populated region throughout Sco OB2, we devote Sect. 8 below to a more detailed study. The wide regions in the PM plane corresponding to groups 8-11 contain most of the spatially diffuse populations in USC, UCL, and LCC, as seen from Fig. 10b − e. There is therefore a qualitative correspondence between being diffuse on the sky and on the PM plane. USC stars are represented in all groups except group 9, again pointing to the extreme kinematic complexity of USC. Clustered populations in Lupus are again found in group 10. The new clusters UCL-3 to UCL-6 and LCC-1 all make their appearance in groups 8-11, along with the diffuse populations in the same regions. Somewhat surprisingly, Fig. 10 f shows that Group 12, which collects all PMS stars not falling in the more kinematically localized groups 1-11, contains a surprising preponderance of USC stars near ρ Oph, and a smaller clustering of stars near the dark cloud Barnard 59 (labeled "B59" in panel f ), part of the Pipe Nebula, just outside of the traditional Sco OB2 boundaries. Despite our earlier arguments that group 12 contains less-likely members, the crowding of stars in USC and that in B59 should be considered as high-probability members, with the unlikely members from group 12 being confined to the diffuse distribution anywhere else in Sco OB2.
Stellar ages
An important piece of information on the star-formation history in Sco OB2 is contained in the CAMD already presented in Fig. 3 . In particular, the obvious gap between the MS and PMS loci shows that star formation in Sco OB2 only started less than 30-40 Myr (at most), and was essentially absent at earlier times, that is, before the birth of IC 2602, whose sequence is shown in Fig. 3 . If continuous star formation were present, one would expect in the CAMD a star density inversely proportional to the speed at which a star crosses a given part of the diagram: therefore, datapoints should cluster near the positions corresponding to the latest PMS stages, and have the least density high up on the Hayashi track, that is the opposite of what we observe. The pre-selection of sources shown in our CAMD was made only from the (wide) region of the PM plane from Fig. 2 . Strictly speaking, we can only rule out that the parent molecular cloud of today's Sco OB2, whose dynamical signature is seen in Fig. 2 , formed stars earlier than 30 Myr ago: there might be many stars at intermediate ages (e.g., 100-300 Myr) in the same space region, but having different kinematical properties. Alternatively, the Sco OB2 parent cloud might have given birth to an earlier generation of stars, but their dynamical signatures were completely erased on timescales of less than 30-40 Myr, through dynamical interactions with field stars. This latter scenario seems however less likely, if we consider the rather narrow width of the PMS locus in Fig. 3 , and the well-defined spatial boundaries of the diffuse Sco OB2 population found in Fig. 8 .
We have examined the individual CAMDs of dynamical groups 2-11. Group 1 only consists of the PMS members of IC 2602, and is not considered here. Moreover, we differentiate between the spatially compact groups and the diffuse ones. Since stellar aggregates are known to disperse with time (on average), but never to condense out of a dispersed population, the diffuse Sco OB2 populations must be on average older than the compact populations. This holds irrespective of our ability to trace back star positions to their birthplace, from accurate measurements of individual stellar motions.
The CAMDs of Sco OB2 stars from compact groups 2-7 are shown in Fig. 11 (left panel) . For each group, a non-parametric fit (lowess) was made. The same was made for the Gaia DR2
Article number, page 7 of 18 A&A proofs: manuscript no. Damiani_ScoOB2 data of the Pleiades and IC 2602 (solid lines) and for the total PMS Sco OB2 population (dashed black line). The standard deviations σ(M G ) (mag) around the individual best-fits, and the average difference ∆(M G ) (mag, positive upwards) with respect to the total-population best-fit were computed for each subgroup, as shown in the figure legend. The same procedure was made for the diffuse groups 8-11, and the result shown in the right panel of the same figure. Stars in the compact subclusters UCL-2 to UCL-6, and LCC-1 were excluded from the diffuse samples shown in these CAMDs: they will be examined separately below. The comparison between the CAMDs of compact and diffuse groups shows that the former tend to have wider sequences than the latter: all compact groups but one have σ(M G ) > 0.5; on the contrary, all diffuse groups but one have σ(M G ) < 0.5. At the same time, the compact groups tend to lie higher up on the CAMD than the diffuse groups: the former have all ∆(M G ) > 0.03, while the latter have all ∆(M G ) < 0.02. There is a fairly well defined correlation between σ(M G ) and ∆(M G ): stars lying higher up in the CAMD (probably younger) show also wider sequence (larger age range).
These CAMD general patterns agree with our above arguments that the diffuse Sco OB2 populations are on average older than the compact ones. However, it is not entirely satisfactory to learn that groups 4-7, dominated by stars in USC (see Figs. 9 and 10) contain so many apparently old stars, as judged from their position in the CAMD. As extensively discussed in the literature reviewed by Preibisch and Mamajek (2008) , USC is thought to be the youngest part of Sco OB2 (only 22 stars older than 5 Myr were found in the ρ Oph cluster by Pillitteri et al. 2016) ; moreover, star formation in USC has been argued to have been triggered by events (e.g., supernova explosions) in the neighboring UCL region, itself triggered from LCC (the oldest part of Sco OB2). The presence in USC of stars as old as those in LCC does not fit in this picture. The only possibility to reconcile the commonly accepted sequence of star-formation events across Sco OB2 with the CAMD we observe for compact groups in USC is that individual star positions in the CAMD do not reflect (only) stellar ages. This was already proposed by Baraffe et al. (2012 Baraffe et al. ( , 2017 , and Dunham & Vorobyov (2012) ; see also Jeffries (2012) . According to these models, the posi- tion of a star in the PMS part of the CAMD (or any equivalent of the temperature-luminosity diagram) would depend not only on its mass and age, but also on its past accretion history during the protostellar phase, which may be different from star to star. If this is true, then the large luminosity spreads we observe for our compact groups 4-7 would have little to do with an (unlikely) spread of ages in USC, and indicate instead a wide range of past accretion histories for USC stars. It should be remarked that the individual accretion histories in a remote past are no longer traceable from (for instance) accretion or disk diagnostics observable today, and that the star positions in the CAMD need not be altered by non-photospheric contributions for such a scatter to take place. The large ∆(M G ) for the same stars, on the other hand, would agree well with the younger ages of groups 4-7 among all Sco OB2 populations, as reported in the literature, and suggested by their compact morphology.
Last, we examine the CAMDs of the small subclusters UCL-2 to UCL-6, and LCC-1 in Fig. 12 . Also in this case we computed for each of them the quantities σ(M G ) and ∆(M G ), as shown in the figure legend. Comparing them with the values for compact and diffuse groups in Fig. 11 , we observe that values for UCL-2 to UCL-6 are more similar to the diffuse groups than the compact ones, despite the spatially clustered appearance of UCL-2 to UCL-6 would have suggested the contrary. This holds for both σ(M G ) (always less than 0.45 mag) and ∆(M G ) (always less than 0.035 mag). This suggests that these small clusters are coeval with the diffuse population in UCL, and are what remains of the original star formation sites in that part of Sco OB2. LCC-1, instead, has σ(M G ) and ∆(M G ) closer to the compact groups, and should be included among them.
Determining if these subclusters are bound or not would require estimates of their masses, spatial and velocity dispersion, which were not quantitatively made. We have instead checked the distribution of stars in these clusters in the PM plane, to test if they keep dynamical coherence despite their older age, or they are just random positive fluctuations in spatial density. The result is shown in Fig. 13 , where we also plot the group boundaries. We observe that UCL-2, UCL-5, UCL-6 and LCC-1 show a definite concentration around their centroid, while UCL-3 and 4 do not. Therefore we suggest that the former four clusters will be longer-lived than the other two (if not even bound).
Three-dimensional structure
The availability of precise parallax values (to better than 10%) for our Sco OB2 PMS members enables us to study their three- −90, 50) . This is in apparent contradiction with the density map of Fig. 8 , where the second-highest density peak was at the cluster UCL-1: this is explained by observing that UCL-1 is much farther out than LCC-1, and therefore appears more compact on the sky while the latter appears "diluted"; on the contrary, shown in Fig. 14 is the true space density of stars, irrespective of projection effects. UCL-1 (at (Y, X) ∼ (−50, 170)) becomes thus only the third-highest density peak in real space. USC-1 and LCC-1 lie ∼ 125 pc apart in space, a distance which can be considered as the total length of Sco OB2. The minor peaks near (Y, X) ∼ (−50, 120) correspond to PMS stars in the Lupus clouds. IC 2602 is found at (Y, X) ∼ (−140, 50): its halo is again recognizable, and found to extend along the line of sight as it was on the sky plane (Fig. 9) . Its core is double-peaked, as already discussed above.
In panels c, d of the same figure, the densest regions at Z ∼ 50 correspond to USC. The densest cluster at Z < 0 is IC 2602, while UCL-1 and LCC-1 lie at Z ∼ +15 and ∼ 0, respectively.
As the results from the previous section indicate, the compact and diffuse Sco OB2 population show substantial differences between them, and we have therefore studied their 3-d distributions separately. This is done in Fig. 15 , where panels in the left col- umn show the compact groups and those on the right column the diffuse groups. These density plots are unsmoothed to show even individual stars. Several interesting observations may be made from these plots: first, we recall that group 1 is basically the cluster IC 2602. The group definition used only placement in the PM plane and in the PMS locus of the CAMD, without any constraint on sky positions. Despite that, Fig. 15 shows that members of group 1 are not found other that in the immediate vicinity of IC 2602, that is, it is not contaminated by field stars spread all over Sco OB2. The halo around IC 2602 is therefore composed of genuine dynamical members of the cluster, and we see from the figure that it measures up to ∼ 40 pc in diameter, a size never suspected for that cluster, which reinforces our arguments above on cluster evaporation. Next, groups 2 and 3 were selected as two closely-related dynamical components of UCL-1 (Fig. 4) , and Fig. 15 here shows that they lie at slightly different average distances from us, group 2 being more distant. Therefore, the dynamical substructures of UCL-1 correspond to spatial substructures as well, which might deserve a further, dedicated study. Then, groups 4 to 7 appear to be collectively as dynamical substructures of the highly complex stellar distribution in USC, plus some minor condensations in Lupus: for this reason, the USC region will be examined in some detail in a subsequent section.
The diffuse groups 8-11 present projected spatial distributions (right column of Fig. 15 ) which are totally unlike those of compact groups. They are on average closer to us than the compact groups and we again find that they are diffuse in space as they are in the PM plane. The average ratio of distances between the diffuse and compact groups is much less than a factor of two, however, and cannot be the only explanation of the more diffuse distribution of groups 8-11 in the PM plane, compared to groups 1-7. We discussed in the previous sections evidence that the diffuse populations in Sco OB2 are older than the compact ones: therefore, Fig. 15 also suggests that star formation in Sco OB2 started in regions closer to the Sun, and then continued towards regions further away like USC, in general agreement with literature results.
Three-dimensional velocities
While the 3-d structure of Sco OB2 can be entirely studied using Gaia DR2 data, this is not possible for the 3-d velocity field. The Gaia catalog includes radial velocities (RV) for a small percentage (< 0.5%) of the sources, which for Sco OB2 members amounts to a negligible number of stars. We have attempted to obtain some information on the 3-d velocities of members (either PMS or possible MS members) by matching their positions with the SIMBAD database, and extracting RV measurements from it. Of course, those are heterogeneous measurements with variable quality and errors, and we did not attempt to check their original sources. This match gave 11955 common stars, of which only 894 have a RV measurement, or less than 6% of our PMS+MS sample. The results in the present section should be regarded as of inferior quality and completeness compared to those in the previous sections. The set of 3-d position, proper motion, and RV measurements was transformed to Galactic space velocities UVW using the task gal_uvw from R package astrolibR 2 . The three 2-d projections of the resulting UVW set are shown in Figs. 16 to 18 . These diagrams do not show large differences in space velocities between different parts of the association. We have also tested if any expansion motion was apparent, after subtracting from each of the USC, UCL, and LCC groups its own 2 Available at http://www.cran.r-project.org/ average space velocity, but no such expansion (or other systematic motion) was found, in agreement with the results of Wright and Mamajek (2018) for USC. When plotting U vs. V, we also recover exactly the same pattern found by Bobylev & Bajkova (2007) for the same region (not shown here for brevity).
Upper Sco
USC is the densest and most complex region in Sco OB2. Figs. 7 and 8 show that while the density peak is well defined and coin- cident with the ρ Oph cloud, the surrounding distribution of PMS stars is highly asymmetric around the peak, and has an irregular shape. On the PM plane, USC is composed by several resolved structures, belonging to our groups 4-7 in Fig. 4 , but also to the groups 10-12 characterized by a less coherent dynamics. The parallax distributions of stars (especially groups 5 and 7) tend to show two distinct peaks at the same µ l value (Figs. 5 and 6), suggesting the physical existence of two distinct regions, that we call here USC-near and USC-far. Accordingly, we study here with some more detail this region. Fig. 19 shows the sky distribution of PMS members in the central part of USC, separately for π less and above 7 mas (corresponding to a distance of 143 pc). Each of these distributions contains a mixture of compact subgroups and a diffuse population. The USC-near subgroups (of which ρ Oph is the densest) do not correspond spatially to the USC-far subgroups, confirming that they are really separate condensations. The diffuse distributions are more similar between near and far, and more prominent in the USC-far. The most likely scenario that takes into account these observations is that of star formation taking place in several individual cloudlets, spread over more than 100 square degrees, of which ρ Oph is the most massive (or active in recent times); these small groups of young PMS stars are however unbound and disperse soon after formation, giving origin to the diffuse population that we find to permeate the entire size of Sco OB2, including its youngest regions in USC. In agreement with Wright and Mamajek, since there was no definite center of star formation in USC (nor elsewhere in Sco OB2, we should add), the diffusion motion does not happen with a radial geometry, but appears to be chaotic, or with small, localized structures at most. The above picture was tested by us with simultaneous consideration of spatial and dynamical properties. With the increased dimensionality of the studied parameter space, a satisfactory visual representation becomes harder to achieve. We have chosen the representation shown in Fig. 20 , where color shades indicate the spatial density difference between stars above and below a given threshold in µ l or µ b . Left panels refer to USCfar and right panels to USC-near. Using this representation, simple radial motion (expansion or contraction) gives rise to opposite colors on either side of the center of motion (being ∆µ l ∝ ∆l and ∆µ b ∝ ∆b). Similar patterns would be found for global rotation on the plane of the sky (∆µ l ∝ ∆b and ∆µ b ∝ −∆l). Except perhaps at local scales, no such simple patterns of motion are seen in Fig. 20 . We already found, after having defined our groups from Fig. 4 , that Gaia DR2 PM data resolve the internal motion of USC stars; now, we can see that such resolved motions cannot be interpreted in terms of simple, global motions of the whole USC stellar population, perhaps inherited from motion of its parent molecular cloud. We are unable to say whether the stel- lar motions we measure are directly inherited from the parental cloud motion, or were acquired after star formation: while gravity forces are felt by both clouds and stars, gas pressure forces do not affect stars, and peculiar motion with respect to the parental gas may take place. The multi-peaked structure in the PM plane of stars in USC (groups 4-7, and part of groups 10-12), together with the chaotic appearance of density differences in Fig. 20 , suggest that turbulence and irregular geometries play a major role in determining the dynamical properties of the newly formed stars in USC, while global ordered motions are much less important. Considering an approximate size of 10 degrees, and a µ b dispersion ∼ 1.4 mas/yr, the crossing time is t cross ∼ 25 Myr, and using the formula t relax = N 8 ln(N) t cross (e.g., Binney and Tremaine 1987) we obtain a relaxation time scale t relax ∼ 1200 Myr, using N = 2862 from Sect. 4 as the number of USC members: it is likely that USC stars will disperse before relaxation is attained, because of evaporation and release of binding energy during gas dispersal.
Discussion and conclusions
We have analyzed the Gaia DR2 data on a sky region of ∼ 2000 square degrees containing the entire Sco OB2 association. Association members are clearly clustered on the proper-motion plane, resolving any ambiguity with the solar reflex motion which was present in earlier, lower-precision astrometric data. Moreover, Gaia photometry and precise parallaxes of initial candidate members permits a clear distinction between true lowmass members, populating a clear PMS locus in the ColorAbsolute Magnitude Diagram, from MS field stars; no such clear distinction is instead possible for more massive MS members of Sco OB2. The total number of PMS association members is of 11103 PMS stars, with negligible contamination from nonmembers, plus 2740 upper-MS stars with a larger contamination. Of the PMS members, 2862 fall inside the conventional boundaries of Upper Sco-Cen sub-association, 4511 in the Upper Centaurus-Lupus, and 2729 in Lower Centaurus-Crux. This is the largest and most complete population ever found in Sco OB2, down to the bottom of the stellar mass spectrum or even below. Most of the member stars are found in a spatially diffuse component, on which local density enhancements are superimposed. The association spans a large arc, both projected on the sky and in actual space, in good agreement with earlier works (e.g., Sartori et al. 2003) , but with much better detail, and member distances range from approximately 100 pc to almost 200 pc.
The proper motion and parallax distributions of members are clearly resolved thanks to the small measurement errors, and show considerable substructures. We have identified 11 groups in the proper-motion plane (plus a residual diffuse component), each corresponding to a distinct placement in space (on the sky and in distance). Groups which appear diffuse on the PM plane tend to be diffuse on the sky as well. The most "kinematically" compact group is a cluster near V1062 Sco, recently discovered by Röser et al. (2018) , and here named UCL-1: still, this cluster has resolved kinematics with a probable satellite sub-cluster only a few degrees away. While Röser et al. (2018) list 63 stars from Gaia DR1 data, we find a total of 872 PMS members from our groups 2-3. The densest, but not richest part of Sco OB2 is Upper Sco, composed of an incoherent (both in proper-motion space and in real space) assembly of local stellar groupings, lacking a well-defined global organization.
We find evidence from the CAMD of individual subgroups that the kinematically diffuse groups are on average older than the kinematically compact ones: this fits with the picture of stars diffusing away rapidly from their formation sites. We find however a large spread in apparent ages from the CAMDs of compact, and supposedly young, groups, as if the same compact cloud had formed stars during a long period of time: this fits less well together with the age ordering based on kinematics. A possible solution that we favor is that the luminosity spread in the PMS region of the CAMD has its origin in the past accretion histories of individual stars, in agreement with recent theoretical models.
Also in agreement with previous studies, no general expansion pattern is found: this and other evidences, like the CAMDs of small local overdensities in UCL, point to a distributed mode of star formation throughout the entire size of the association (70 pc or more). The data are also in agreement with the sequence of formation, from LCC to UCL and last to USC, reported in the literature.
In our study we included, almost serendipitously, the PMS stars in the open cluster IC 2602, near the western edge of Sco OB2 and close to it on the PM plane: the parent clouds of Sco OB2 and IC 2602 might be considered as close relatives. We find that the cluster has a double core, with two distinct parallax peaks; moreover, it possess an extended low-density halo (> 10 in total size), which was never reported before to our knowledge: its detection was possible only due to the unique capabilities of Gaia.
Last, Gaia enables us to determined with accuracy the number of field stars, down to the same mass limits, which are cospatial with Sco OB2 members, not only in sky projection but in actual three-dimensional space. For example, we find nearly 2000 MS stars in the USC region between 345 < l < 355, 15 < b < 25, and 6 < π < 8 mas, where close to 3000 PMS members are found. Even worse, within the UCL sky limits and the correponding parallax limits 6.5 < π < 10 mas, more than 22000 MS field stars outnumber the 4511 UCL PMS members. This means that very early during the evolution of these stars their dynamics will be dominated by the general Galactic potential, and not by the gravity of their coeval association members. It is interesting, however, that despite being so diffuse on the sky and spatially mixed with field stars, Sco OB2 members still keep a strong memory of their initial kinematics, which will be gradually erased by dynamical friction. These data would permit an observational test of theoretical N-body models of mixing two co-spatial, but kinematically distinct star populations (e.g., Mapelli et al. 2015) .
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